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In hypertension, arteries autoregulate at higher pressures than in the normotensive state (8) . In accordance with this, the range over which the myogenic response occurs in cerebral (28) or mesenteric (17) arteries of spontaneously hypertensive rats (SHR) is shifted toward higher pressure levels compared with vessels of normotensive Wistar-Kyoto rats. However, in SHR, these changes may be determined not only by vascular structural adaptation to higher pressure but also by a genetically determined propensity toward increased growth of vascular smooth muscle (35) . The primary goal of this study was to assess the true effect of local perfusion pressure on vascular structure and myogenic properties. We have therefore undertaken a study of isolated skeletal muscle arteries from SHR using the method of Bund et al. (2) . The arterial pressure in one leg was maintained reduced for 3 mo by ligation of the external iliac artery, and the contralateral artery served as a control. With the use of a pressure myograph, we studied the correlation between structure and myogenic responsiveness in these arteries with different structure but from the same genetic and humoral environment.
The cellular mechanisms of the myogenic response include depolarization and subsequent opening of voltage-operated calcium channels (16, 23, 24, 34) , but nonelectromechanical coupling mechanisms also appear to be involved (1, 26) . It has been shown that pressure-induced activation enhances the calcium sensitivity of the contractile machinery (33) . However, the relative contribution of calcium-dependent and -independent mechanisms underlying the myogenic response in vessels with different structure has not been understood. Thus the second goal of this study was to investigate the calcium/tone relationship in vascular smooth muscle in the myogenic response.
MATERIALS AND METHODS
Animals, surgery, and blood pressure measurements. Fifteen male SHR rats aged 4 wk were obtained from the Møllegaard Breeding Centre, housed two per cage, and main-tained on tap water and standard laboratory food ad libitum. The systolic blood pressure was measured for each rat at 5 and 18 wk of age by the tail-cuff method.
Protection of the hindlimb vasculature from rising blood pressure was performed as described by Bund et al. (2) . At 5 wk of age, rats were anesthetized (75 mg/kg methohexital, Brietal, Lilly), and the external iliac artery was exposed. A stainless steel wire with a diameter of 0.4 mm was placed alongside the artery and tied firmly to the artery by 4-0 braided silk. After the wire was removed, there remained around the artery a fixed-diameter loop of silk, which at this stage did not compress the artery. One-half of the rats were operated on the left side; the others were operated on the right side.
The effect of the ligation was studied at the age of 18 wk by measurement of femoral mean arterial pressure in both ligated and nonligated hindlimbs. Again, the operation was performed under anesthesia (75 mg/kg methohexital), and the femoral artery was cannulated with polyethylene-10 tubing filled with heparinized (20 IU/ml) physiological solution. The pressures were recorded under continued anesthesia using a pressure transducer (Medex Novatrans 2) and a chart recorder (Thermal Arraycorder, WR-7730-4).
Cannulation and mounting of the vessels. After the femoral artery blood pressure was measured, the anaesthetized rats were killed by a blow to the head. The muscular branch of the femoral artery feeding the gracilis muscles in each hind limb was dissected out. Therefore, an experiment in each rat utilized one artery distal to a ligature (from the ligated hindlimb) and one from the control, nonligated hindlimb. The artery was cleaned from extraneous fat and connective tissue. An ϳ8-to 10-mm segment of the artery was cannulated at either end using glass microcannulas and mounted in a pressure myograph (P100, DMT). All detectable branches were tied off to avoid leakage.
Experiments were performed under no-flow conditions. The myograph was placed on the stage of an inverted microscope (Leica) equipped with a charge-coupled device camera (model XC-75CE). Vessel diameter was measured from video images of the preparation using contrast analysis (VesselView software, DMT).
Measurement of intracellular calcium concentration. The cannulated vessels were loaded with 5 mM fura 2-AM for 2 h at room temperature, followed by a washout period of 45 min, during which the myograph was heated to 37°C. Fura 2-AM dissolved in DMSO was added to the superfusing solution, maintaining the final DMSO concentration below 0.01%. Details of the equipment used (Photon Technology) have been given elsewhere (29) . Excitation was achieved using a 75-W xenon light source, vessels were excited alternately at 340 and 380 nm, and emitted light at 515 nm was measured at 10 Hz. All signals were collected and stored digitally using Felix software (version 1.11, Photon Technology).
At the end of each experiment, the minimal and maximal values for the 340-to-380-nm ratio (Rmin and Rmax, respectively) were determined following the procedure described by Jensen et al. (18) . Finally, background fluorescence levels after quenching with 20 mM MnCl2 were determined and subtracted from all previously obtained measurements. The intracellular calcium concentration ([Ca 2ϩ ]i) was calculated from the equation [Ca 2ϩ 
, where ␤ is the ratio between maximal and minimal fluorescence at 380 nm and the dissociation constant of fura 2:Ca 2ϩ (Kd) was set to 224 nM (11) .
To show that vessel wall movement within the sampling window had no effect on the recorded fura 2 ratio signal, we performed [Ca 2ϩ ]i measurements in completely relaxed vessels. The vessels (n ϭ 7) were placed in calcium-free solution for 20 min at 80 mmHg, pressure cycled between 10 and 120 mmHg three times, and finally activated in calcium-free high-K ϩ solution for 5 min to deplete them of intracellular calcium. This procedure was in control experiments found to inhibit the responses of diameter and [Ca 2ϩ ]i to 10 M norepinephrine in calcium-free solution, indicating depletion of intracellular stores. Other arteries (n ϭ 3) were additionally treated with ionomycin (40 M) during the initial equilibration in calcium-free solution to more effectively equilibrate [Ca 2ϩ ]i and extracellular calcium concentrations. Typical traces for inner diameter and [Ca 2ϩ ]i in response to the pressure steps in these vessels under calcium-clamped (traces 2 and 3) and control (trace 1) conditions are presented in Fig. 1 .
Experimental protocols. After fura 2 loading, when the arteries had equilibrated at 37°C under a pressure of 50 mmHg, pressure was cycled three times between 10 and 120 mmHg to decrease mechanical hysteresis (28) . The cycling was performed in large steps (10 3 30 3 60 3 80 3 120 mmHg) of 5-min duration. After the third cycle, the vessel was left at 10 mmHg and 20 min later was subjected to test series of pressure steps from 10 to 120 mmHg. Each step was accomplished in ϳ1 s with 5 min between consecutive steps. Throughout this series, lumen diameter, [Ca 2ϩ ]i, and pressure were continuously recorded. Finally, the vessel was relaxed in calcium-free solution for 15 min and subjected to another series of pressure steps (from 10 to 120 mmHg), during which the passive pressure-diameter relation was recorded. Effect of endothelium removal. Because other studies have demonstrated that vasoconstrictor factors from the endothelium can have a decisive influence on myogenic properties of blood vessels in SHR (7, 32) , we examined the role of the endothelium in the small arteries examined here. In a separate series of experiments, the dependence of diameter and [Ca 2ϩ ]i on pressure was determined in intact arteries as described above. Subsequently, the endothelium was removed with the use of a rat's whisker, and the relation was determined again. The absence of endothelium was verified by testing with 10 M acetylcholine. As seen in Fig. 2 , the endothelium had little influence on the myogenic response of these arteries, whether in terms of the mechanical response or the response of [Ca 2ϩ ]i to pressure elevation. All other experiments were therefore performed on intact arteries.
Drugs and solutions. Experiments were performed using a solution of the following composition (in mM): 140.0 NaCl, 1.17 MgSO 4, 1.6 CaCl2, 4.6 KCl, 10.0 D-glucose, 0.026 EDTA, 1.18 KH2PO4, and 5.0 HEPES. Calcium-free solution had the same composition but with 0.1 mM EGTA and no CaCl2. The pH of these solutions was titrated to 7.4 using 1 M NaOH. High-K ϩ solution composition was as the calcium-free solution but with NaCl replaced by KCl.
For calibration of the fluorescence signals, the following solution was used (in mM): 125 KCl, 1.17 MgCl 2, 5.5 Dglucose, and 5.0 HEPES. To determine Rmin, 40 M ionomycin and 2 mM EGTA was added; for determining Rmax, 5.0 mM CaCl2 was added on top. The pH of the calibration solutions was titrated to 7.45 using 1 M KOH. All solutions were oxygenated with 100% O 2.
Fura 2-AM was obtained from Molecular Probes. All other drugs were obtained from Sigma.
Histological examination. After the myograph experiments, the arteries were fixed with 4% formaldehyde, dehydrated in an alcohol series in the myograph bath, embedded in paraffin, sectioned, and stained with Giemsa stain. The stained sections had clearly distinguishable smooth muscle cells (Fig. 3) . From these sections, the inner and outer circumference of the media was measured (Optimas version 5.1, Media Cybernetics), and from this the inner and outer diameters (ID and OD, respectively) were calculated to determine the media cross-sectional area as ϫ (OD 2 Ϫ ID 2 )/4 and the media-to-lumen ratio as (OD Ϫ ID)/ID. Data analysis. Passive and active pressure-diameter curves were obtained by recording pressure and lumen diameter during pressure steps series in calcium-free and calcium-containing solutions, respectively.
The degree of spontaneous tone at each level of pressure was quantified as [(PD Ϫ AD)/PD], where AD is the active lumen diameter (in calcium-containing solution) and PD is the passive lumen diameter (in calcium-free solution) as measured in the myograph by the videocamera. Wall stress was calculated as [P ϫ (ID ϩ OD)]/[2 ϫ (OD Ϫ ID)], where P is the transmural pressure and ID and OD are the inner and outer diameters as measured by the videocamera.
All data are presented as means Ϯ SE. Where curves were compared, these were analyzed by fitting a third-or fourthorder polynomial and analyzing between the coefficients. Other data were analyzed with unpaired Student's t-test. In all cases, P Ͻ 0.05 was considered significant.
RESULTS
Between the ages of 5 and 18 wk, the rats showed a significant blood pressure rise: at 5 wk, the systolic blood pressure measured in the tail artery was 122 Ϯ 2 mmHg, and at 18 wk, it was 187 Ϯ 6 mmHg.
At 18 wk, femoral arterial pressure distal to the ligature was ϳ60% of that in the control leg (Table 1) . Histological examination revealed differences in structure of the small arteries taken from ligated and control hindlimbs (Fig. 3 ). Distal to a ligation, the arteries had a lower media cross-sectional area and a lower media-to-radius ratio than arteries from control hindlimbs (Table 1) .
Passive and active pressure-diameter relationships. In calcium-free solution, arteries were fully relaxed as indicated by the absence of a dilator response to a supramaximal dose of sodium nitroprusside (3 mM). Over the entire pressure range, the passive diameter of the arteries from ligated hindlimbs was significantly greater than that of the control arteries (Fig. 4A) .
In calcium-containing solution, the arteries developed spontaneous tone, as evidenced by smaller diameters than in calcium-free conditions (Fig. 4A) . The magnitude of this basal tone was pressure dependent. Tone increased with increasing pressure, reached a maximum, and finally declined again (Fig. 4B) . The maximal levels of achieved tone were not significantly different between the two groups of arteries. However, the pressure-tone relation for arteries from ligated hindlimbs was shifted toward lower pressures com- Fig. 2 . Effect of transmural pressure on internal diameter (A) and [Ca 2ϩ ]i (B) of small arteries from 18-wk-old spontaneously hypertensive rat (SHR) hindlimbs before (squares) and after endothelium removal (circles). Open symbols, measurements in calcium-free solution; solid symbols, measurements in calcium-containing solution. Curves before and after endothelium removal were compared by fitting fourth-order polynomials and comparing the coefficients; in all comparisons, differences were not statistically significant. pared with the control arteries (Fig. 4B) . Vessels from ligated hindlimbs reached maximal spontaneous tone at 70 mmHg, whereas in control arteries maximal tone was at 100 mmHg.
Effect of intraluminal pressure on [Ca 2ϩ ] i . In the presence of extracellular calcium, [Ca 2ϩ ] i increased with increasing pressure between 10 and 30 mmHg. This initial increment was followed by a plateau up to ϳ70 mmHg, after which [Ca 2ϩ ] i increased again (Fig.  4C) . The initial level of [Ca 2ϩ ] i at the pressure of 10 mmHg was similar in vessels from ligated and nonligated hindlimbs. Both groups of vessels showed the initial increase in [Ca 2ϩ ] i , but this rise was more pronounced in vessels from ligated hindlimbs, resulting in higher [Ca 2ϩ ] i at the plateau (Fig. 4C) . The final rise of pressure was also more marked in vessels from ligated hindlimbs (Fig. 4C) .
Diameter- [Ca 2ϩ ] i relations. The data shown in Fig. 4 , B and C, are replotted in Fig. 4D , which shows calculated tone in relation to [Ca 2ϩ ] i . Increasing pressure from 10 mmHg caused a rise in [Ca 2ϩ ] i as described above with little change in tone. Subsequently, tone increased but calcium remained quite constant (the vertical part of the curves in Fig. 4D ). Both groups of vessels reached similar maximal tone levels, but calcium was throughout higher in vessels from ligated hindlimbs. After the peak, tone declined again in the face of a further [Ca 2ϩ ] i increase. Relations with wall stress. Wall stress, calculated from transmural pressure and internal and external diameters as described in MATERIALS AND METHODS, is a measure of the force per cross-sectional area of the vessel wall and thus of the load on individual muscle cells. As shown in Fig. 5A , the vasoconstriction in response to pressure elevation occurred at similar values of wall stress in the two groups, although the pressure ranges over which this occurred were offset by ϳ30 mmHg (Fig. 4A) . In contrast, the relations between wall stress and [Ca 2ϩ ] i differed between the groups (Fig. 5B) Effect of D-600. Exposure to the calcium entry blocker D-600 (0.1 M) fully inhibited spontaneous tone. There were no differences between diameters of arteries in calcium-free solution and in the presence of D-600. Under these conditions, a pressure step resulted in passive increase of diameter at all pressures tested (Fig. 6A) .
Exposure to D-600 also lowered intracellular calcium levels and much reduced the changes in [Ca 2ϩ ] i with pressure (Fig. 6B) . However, pressures above 60 mmHg still induced a small elevation of [Ca 2ϩ ] i . This was in contrast to vessels that had been depleted of intracellular calcium, in which [Ca 2ϩ ] i was constant ( Fig. 1; 
see MATERIALS AND METHODS).

DISCUSSION
The main results of the present study are as follows: 1) both arterial wall structure and myogenic properties are influenced by long-term changes in transmural pressure; 2) wall stress is a major determinant of the myogenic response; 3) whereas changes in wall structure correlate with changes in the myogenic response, [Ca 2ϩ ] i levels do not; and 4) the myogenic response is to a large extent dependent on pressure-dependent modulation of intracellular calcium sensitivity.
Effect of ligation. In this study, we followed the ligation procedure initially described by Bund et al. (2) . In that study, the media-to-lumen ratios of the arteries from hypertensive rats was reduced by ligation to become similar to those of normotensive rats. This is in Fig. 3 . Photomicrographs of Giemsastained cross sections of small arteries from ligated (A) and nonligated hindlimbs (B). good agreement with several other studies where blood pressure was reduced in hypertensive rats either by drug treatment (3, 10, 27) or by ligation (9) . In the present study, we observed a similar structural change after ligation, as did Bund et al. (2) . Because in this model both arteries are obtained from the same animal, genetic and humoral causes are excluded, and thus the observed changes in structure and function can be attributed only to the effects of the ligation. A potential problem with this technique is that the ligature may affect the intramural sympathetic nerves of the external iliac artery and consequently the sympathetic innervation in more distal parts of the vascular tree. However, it is difficult to sympathetically denervate distal blood vessels by proximal periarterial denervation (21, 22) , which makes an effect on intramural nerves in the investigated arteries less likely as a major cause for the observed effects, although we cannot exclude that it may contribute. The ligature will not only influence transmural pressure but also flow, which is an important determinant of vascular structure. However, reduced blood flow results in luminal reduction [inward remodeling (30) ] and is thus unlikely to explain the observed increase in lumen diam- Open symbols, relations in calcium-free solution; solid symbols, relations in calcium-containing solution. Curves were fit by second-order (calcium-free solution) or fourth-order (calcium-containing solution) polynomials. * P Ͻ 0.05, ** P Ͻ 0.01, and *** P Ͻ 0.001, significant differences in coefficients between curves. Fig. 5 . Influence of wall stress on internal diameter (A) and [Ca 2ϩ ]i (B) for small arteries from ligated (circles) and nonligated hindlimbs (squares). Curves were fit by fourth-order polynomials. * P Ͻ 0.05, significant difference in coefficients between curves.
eter after ligation in the present study. We therefore believe the observed changes in the arteries from the ligated side to be caused primarily by the reduced blood pressure.
Relation between vascular structure and myogenic response. Several studies comparing hypertensive and normotensive rats have demonstrated that the myogenic range is shifted towards higher pressures in hypertensive rats [cerebral arteries (28) ; mesenteric arteries (17) ; skeletal muscle arterioles (6) ]. While this difference may be attributed to hypertension, genetic strain differences cannot be excluded. However, in the present study, genetic factors can be excluded because both hypertensive and normotensive arteries were taken from the same animal.
If the myogenic response is activated by an increase in wall stress (20, 31) , it follows that in thick-walled arteries the myogenic response would require higher transmural pressure to develop than in vessels with a thinner wall, at least if the elastic modulus is similar in the thick and the thin wall. This could explain the resetting of the myogenic response in hypertensive arteries with increased wall-to-lumen ratio. The observed relation between diameter and wall stress is consistent with this hypothesis. To be quite correct, this relation ought to be based on active, not total, wall stress. However, the passive wall stress at the diameters where myogenic tone was observed is very small and not possible to determine with any accuracy, and the error from using total wall stress is minimal. The relation between diameter and wall stress was similar for vessels from the ligated and nonligated side over the pressure range of the myogenic response. This means that the physical load on the smooth muscle cells appears to be the primary determinant of its degree of contraction.
Thus protection of vessels from hypertensive pressure results in a shift of the pressure-tone curve to lower pressures without a change in the maximal tone developed at the "optimal" pressure level. The studies have shown that pressure elevation is accompanied by a shift of the myogenic range towards higher pressures. The present study shows that the converse is also true and suggests that a regression of structural changes may be of central importance for achieving normal vascular function in the treatment of hypertension. If the myogenic range would not follow the long-term average pressure level in this way, pressure reduction would increase the risk for increased variability in perfusion through organs normally highly dependent on flow autoregulation, such as the brain and kidney, with organ malfunction or damage as the ultimate consequence.
Determination of intracellular calcium. Even though the fura 2 ratio is quite immune to changes in the amount of dye observed, such as may occur by tissue moving into or out of the field of view, we performed initial experiments to determine the impact of such movements in practice. As described in MATERIALS AND METHODS and Fig. 1 , if [Ca 2ϩ ] i was maintained at a low, constant level by depleting the tissue of calcium with or without the use of ionomycin, changes in vessel diameter by nearly a factor of 2 had virtually no influence on the ratio and thus on the estimated calcium concentration. Furthermore, the pattern of changes in [Ca 2ϩ ] i observed in the study was different from the pattern of changes in diameter, again indicating little influence of tissue movement upon the measurements. Therefore, unless pressurization or vasoconstriction in some way change the affinity of the dye for calcium, we believe our measurements indeed reflect actual changes in [Ca 2ϩ ] i . Intracellular calcium levels and myogenic response. In contrast to the mechanical response, intracellular calcium levels changed in a similar fashion over the same pressure range in both groups of arteries. Upon pressurization of the artery, [Ca 2ϩ ] i increased slightly and then levelled off or even tended to fall slightly upon continued pressure elevation. The initial increase of ϳ50-100 nM is similar to that seen by McCarron et al. (25) in rat cerebral arteries, who found calcium to increase by ϳ100 nM during myogenic constriction over the pressure range of 30-70 mmHg.
In arteries from the ligated side, calcium levels were throughout higher than on the control side. While this could be thought to correlate with the thinner wall experiencing a higher load at any given pressure, and thus indicate that the calcium level is influenced by wall stress, even when taken in relation to wall stress, the calcium levels were higher throughout in the arteries from the ligated side. It is thus difficult to explain the regulation of [Ca 2ϩ ] i in the two types of vessels by the physical forces on the smooth muscle cells.
A striking result was that pressure-induced vasoconstriction occurred with minimal changes in [Ca 2ϩ ] i . As Fig. 5 ] i does not directly determine the myogenic response, but the latter is rather regulated by a mechanism distinct from that determining [Ca 2ϩ ] i . It is evident that pressure-induced vasoconstriction is nearly exclusively regulated by changes in intracellular calcium sensitivity in this artery. While this is in contrast to the myogenic constriction of cerebral arteries (25) , which could not be attributed to changes in calcium sensitivity, modulation of calcium sensitivity seems to contribute to the myogenic response in a number of arteries (4, 13, 33) .
Over the pressure range where myogenic constriction was observed, calcium elevation could be prevented by blocking calcium entry, which suggests it was mediated mainly by calcium influx through voltage-operated channels. Calcium entry blockade also inhibited contraction, indicating that the calcium elevation was necessary for contraction. This is consistent with observations in several other blood vessels (16, 23, 24, 34) : that myogenic tone is susceptible to calcium antagonists, although some arteries may generate tone by a mechanisms insensitive to such drugs (12, 15, 26) . The finding that myogenic tone was inhibited by the calcium channel antagonist D-600, even though it was dependent on changes in calcium sensitivity, indicates that the pressure-induced enhancement of sensitivity was not large enough to activate contraction at low levels of calcium but that a suprabasal [Ca 2ϩ ] i was a prerequisite.
At high pressures, calcium began to rise again, a rise that was not eliminated by blocking calcium entry. This calcium elevation seemed to coincide with the pressure-induced forced dilatation of the arteries and started at lower pressures in arteries from the ligated side. Even in the presence of calcium entry blockers, a rise in [Ca 2ϩ ] i was seen in this pressure range, suggesting it was not mediated by calcium influx through L-type calcium channels. The mechanism behind this calcium rise [e.g., intracellular calcium release or stretch-activated channels (5)] was not investigated further.
In conclusion, this study gives support to the hypothesis that vascular structure influences the myogenic response, probably by altering the wall stress at a given pressure level. In the arteries studied, elevated [Ca 2ϩ ] i is required for the myogenic response to occur, but the response itself is determined by changes in intracellular calcium sensitivity.
